Background: Improved quantitative understanding of in vivo leaflet geometry in ischemic mitral regurgitation (IMR) is needed to improve reparative techniques, yet few data are available due to current imaging limitations. Using marker technology we tested the hypotheses that IMR (1) occurs chiefly during early systole; (2) affects primarily the valve region contiguous with the myocardial ischemic insult; and (3) results in systolic leaflet edge restriction. Methods: Eleven sheep had radiopaque markers sutured as five opposing pairs along the anterior (A 1 -E 1 ) and posterior (A 2 -E 2 ) mitral leaflet free edges from the anterior commissure (A 1 -A 2 ) to the posterior commissure (E 1 -E 2 ). Immediately postoperatively, biplane videofluoroscopy was used to obtain 4D marker coordinates before and during acute proximal left circumflex artery occlusion. Regional mitral orifice area (MOA) was calculated in the anterior (Ant-MOA), middle (Mid-MOA), and posterior (Post-MOA) mitral orifice segments during early systole (EarlyS), mid systole (MidS), and end systole (EndS). MOA was normalized to zero (minimum orifice opening) at baseline EndS. Tenting height was the distance of the midpoint of paired markers to the mitral annular plane at EndS. Results: Acute ischemia increased echocardiographic MR grade (0.5 AE 0.3 vs 2.3 AE 0.7, p < 0.01) and MOA in all regions at EarlyS, MidS, and EndS: Ant-MOA ( ); and Post-MOA (8 AE 10 vs 25 AE 16, 2 AE 4 vs 22 AE 13 mm 2 , 0 vs 23 AE 13 mm 2 ), all p < 0.05. There was no change in MOA throughout systole (EarlyS vs MidS vs EndS) during baseline conditions or ischemia. Tenting height increased with ischemia near the central and the anterior commissure leaflet edges (B 1 -B 2 : 7.1 AE 1.8 mm vs 7.9 AE 1.7 mm, C 1 -C 2 : 6.9 AE 1.3 mm vs 8.0 AE 1.5 mm, both p < 0.05). Conclusions: MOA during ischemia was larger throughout systole, indicating that acute IMR in this setting is a holosystolic phenomenon. Despite discrete postero-lateral myocardial ischemia, Post-MOA was not disproportionately larger. Acute ovine IMR was associated with leaflet restriction near the central and the anterior commissure leaflet edges. This entire constellation of annular, valvular, and subvalvular ischemic alterations should be considered in the approach to mitral repair for IMR. #
Introduction
Ischemic mitral regurgitation (IMR) is associated with alterations in mitral leaflet geometry resulting from annular and subvalvular left ventricular (LV) remodeling [1] [2] [3] [4] . Improved understanding of leaflet geometry during IMR is needed to refine techniques for mitral valve (MV) repair. Due to limitations inherent in standard imaging techniques, however, there are little four-dimensional (4D) quantitative data describing regional MV geometry. MRI and ultrasound either lack sufficient temporal resolution and/or the ability to track accurately specific anatomical fiduciary loci on the leaflets throughout the cardiac cycle. This may, in part, explain existing controversies about IMR such as the question: 'When in the cardiac cycle is regurgitation present?' [5] [6] [7] [8] . While heart murmurs due to IMR are heard mostly during late www.elsevier.com/locate/ejcts European Journal of Cardio-thoracic Surgery 33 (2008) [191] [192] [193] [194] [195] [196] [197] systole [5] , leaflet malcoaptation during IMR has been described as a biphasic (throughout systole with peaks during early and late systole) [6, 7] or early systolic [8] phenomenon.
Controversy also exists regarding which region of the mitral valve is affected most by ischemia. While some studies suggest the valve region adjacent to the ischemic insult is predominantly involved [9] spawning the development of asymmetrical annuloplasty rings [10] , other studies suggest that ischemia may affect the mitral valve uniformly [11] .
In this ovine study, we used radiopaque leaflet markers and 4D tracking to quantify the precise temporal and regional changes in mitral leaflet edge geometry along the entire coaptation line before and during acute IMR. We tested the hypotheses that IMR (1) occurs chiefly during early systole; (2) affects primarily the valve region adjacent to the ischemic insult; and (3) results in systolic leaflet edge restriction. 
Materials and methods

All
Surgical preparation
Miniature radiopaque markers were surgically implanted in 11 adult castrated male sheep (73 AE 8 kg). Other calculations using the similar datasets have been published previously and technical details will therefore only be summarized briefly [12] . Ten markers were sutured as opposing pairs along the anterior and posterior mitral leaflet free edges (Fig. 1A) . Five radiopaque markers (A 1 -E 1 ) were placed on the anterior mitral leaflet (AML) edge from the anterior commissure (ACOM; #16) to the posterior commissure (PCOM; #20), with marker C 1 at central leaflet edge. Five corresponding markers (A 2 -E 2 ) were placed on the posterior mitral leaflet (PML) edge. Eight markers were sutured equidistantly around the mitral annulus. Additional markers were placed on the tips of the anterior and posterior papillary muscles (PM).
Experimental protocol
Postoperatively, animals were transferred under acute open chest conditions to the experimental catheterization laboratory and studied, intubated, and anesthetized with inhalational isoflurane (1.5-2.0%). Simultaneous biplane videofluoroscopic and hemodynamic data were acquired before and during acute postero-lateral LV ischemia (2-3 min occlusion of left circumflex artery proximal to the first obtuse marginal artery) and IMR was assessed via transesophageal echocardiography. Mitral regurgitation was graded semiquantitatively based on Doppler regurgitant jet extent and width as none (0), trace (+0.5), mild (+1), moderate (+2), moderate-to-severe (+3), or severe (+4) from a threechamber view. Before and following ischemia, biplane videofluoroscopic images were acquired at 60 Hz, digitized, and merged to yield 3D coordinates every 16.7 ms using custom designed software [13, 14] . Simultaneous analog LV pressure and electrocardiographic voltage were digitized and recorded on the images.
Data analysis
Data from three consecutive hemodynamically stable beats during control and acute ischemic conditions were averaged and analyzed. Fig. 2 illustrates the time points used. ED was defined as the frame nearest the R-wave on the ECG. EndS was defined as the frame immediately preceding the peak negative rate of LV pressure change (ÀdP/dt max ). EarlyS was defined as within 102 ms (six frames) after end diastole (representing the early phase of ejection) and MidS as the time point between end diastole (ED) and EndS.
Total mitral orifice area
To determine the timing and duration of IMR during acute ischemia, total mitral orifice area (MOA) was defined as the sum of areas between all triplets of commissural and leaflet markers (Fig. 1B) at EarlyS, MidS, and EndS before and during ischemia. To facilitate data comparison between hearts with variable marker locations the MOA at baseline at EndS (when there should be complete coaptation and minimum orifice opening) was calculated for each heart and subtracted from all other MOA values for that heart. Raw values were used for all statistical analyses.
Regional mitral orifice area
To understand the effect of ischemia on different regions of the mitral valve, the MOA was subdivided into anterior (Ant-MOA), middle (Mid-MOA), and posterior (Post-MOA) segments (Fig. 1B) . Regional MOAs were calculated as the sum of areas of the following triangles: Ant-MOA (#16-A 1 -
Tenting geometry
To assess leaflet edge restriction due to PM tethering, tenting height along the mitral coaptation line was obtained by calculating the distance from the midpoint of each of the paired markers (A 1 -A 2 , B 1 -B 2 , C 1 -C 2 , D 1 -D 2 , E 1 -E 2 ) to the best-fit plane of all annular markers at EndS during control and ischemia as described earlier [4] . To gain insight into regional changes of the respective mitral leaflet edges during acute ischemia, distances of each AML and PML edge marker to the annular plane at EndS were calculated.
Mitral annular dimensions
For each frame, annular diameters were calculated as distances between the respective annular markers. To evaluate ischemia-related regional mitral annular changes, mitral annular septal-lateral diameters were determined for the anterior (S-L ANT : distance between markers #15 and #17), middle (S-L MID : distance between markers #22 and #18), and posterior (S-L POST : distance between markers #21 and #19) annular regions. The commissurecommissure (C-C) annular dimension was defined as the distance between the markers #16 and #20. Mitral annular area (MAA) was computed as the sum of eight triangular areas formed by consecutive adjacent marker pairs along the annulus and the annular centroid as previously described [15] .
Tethering lengths
Tethering lengths were calculated as proposed by Messas et al. [16] as the distance of anterior and posterior PM tips to the annular saddle-horn marker (#22, Fig. 1A ).
Statistical analysis
All results are reported as mean AE 1 SD unless otherwise stated. The geometric variables measured before and during ischemia were compared using a two-tailed Student's t-test for paired observations. For comparisons between different time points, a one-way ANOVA for repeated measurements with a Holm-Sidak post-hoc test was performed (Sigmastat 2.03, SPSS, Chicago, IL). P < 0.05 was considered statistically significant. Table 1 summarizes the hemodynamic data. MR grade was 0.5 AE 0.3 before and 2.3 AE 0.7 ( p < 0.01) during ischemia. Maximum LV dP/dt decreased (1950 AE 600 vs 1120 AE 290 mmHg/s, p < 0.01) while LVEDP increased with acute ischemia (18 AE 3 vs 25 AE 5 mmHg, p < 0.01), indicating impaired LV filling. Systolic LV pressure fell as ejection progressed during both baseline and ischemic conditions (EarlyS vs EndS and MidS vs EndS, p < 0.01). Fig. 2 . Schematic to illustrate the determination of time points used. The black line shows LVP and the closed circles represent the plotted distances between the mid-edge marker pair C 1 -C 2 from one representative study under baseline conditions. Greatest separation occurred during early filling and minimal separation occurred during systole during baseline conditions. Mitral orifice area was quantified during the early-, mid-, and end-systolic phases (EarlyS, MidS, EndS). EndS was defined as the frame immediately preceding the peak negative rate of LV pressure change (ÀdP/dt max ), EarlyS was defined as within 102 ms (six frames) after end diastole (representing the early phase of ejection), and MidS as the time point between end diastole (ED) and EndS. ED was defined as the frame nearest the R-wave on the ECG. 
Results
Hemodynamics
Total mitral orifice area
Fig . 3 shows normalized total MOA throughout systole (EarlyS, MidS, and EndS). As noted above, the data were normalized to baseline EndS assuming minimum orifice opening at that time point. Total MOA was larger during ischemia throughout systole (EarlyS: 24.4 AE 9.5 vs 71.7 AE 12.7, MidS: 6.4 AE 3.0 vs 60.8 AE 11.9, and EndS: 0 vs 65.0 AE 11.2, all p < 0.01). At baseline and during ischemia, total MOA did not change during systole (EarlyS vs MidS vs EndS, all N.S.). Fig. 4 change during systole during both baseline and ischemic conditions (EarlyS vs MidS vs EndS, all N.S.).
Regional mitral orifice area
Tenting geometry
Fig . 5A shows the tenting height along the mitral coaptation line before and during ischemia. Tenting height increased with ischemia in the regions near the anterior commissure and central leaflet edge (marker pairs B 1 -B 2 and C 1 -C 2 ) but not in the region of the ischemic insult. With the exception of the posterior commissure region (marker D 1 , Fig. 5B ), the distance from the AML edge markers to the annular plane did not change with ischemia. Marker D 1 moved toward the mitral annular plane (prolapse direction) with ischemia despite the outward displacement of the posterior PM (Table 3) . Ischemic alterations of the PML edge were more complex ( Fig. 5C ): Marker E 2 (PCOM) moved toward the mitral annular plane (prolapse) with ischemia whereas markers and C 2 on the anterior and central edge of the PML moved away from the mitral annular plane, indicating leaflet restriction.
Mitral annular dimensions
Mitral annular dimensions are shown in Table 2 . MAA as well as annular S-L and C-C diameters increased significantly with ischemia during all time points assessed. Ischemia increased annular S-L diameters in all three regions (S-L ANT vs S-L MID vs S-L POST ) throughout systole reflecting a homogeneous increase in mitral annular septal-lateral dimensions.
Tethering lengths
Tethering lengths during systole are shown in Table 3 . Although the distance of the posterior PM-tip to the saddlehorn marker (#22) was greater with ischemia at any time point assessed, this greater distance reached statistical significance only for MidS ( p < 0.05) and EndS ( p < 0.01). As expected, the tip of the anterior PM did not displace significantly during postero-lateral ischemia.
Discussion
This ovine study was designed to gain detailed insight into geometrical changes of both the anterior and posterior mitral leaflet edges along the entire coaptation line during acute IMR. The key (and surprising) findings of this study were that postero-lateral LV ischemia produced a holosystolic increase of MOA, an homogeneous increase of MOA in all three regions, and PML restriction near the anterior commissure and the central leaflet edge simultaneous with slight type II (prolapse) motion of both leaflets near the posterior commissure.
Hemodynamics
As stated by Levine and Schwammenthal, the equilibrium position of the mitral leaflets is determined by the balance of forces acting on them, including annular and PM tethering forces and closing forces generated by the ventricle [5] . It has been suggested that once tethering is increased, leaflet closure is further impaired when less force (i.e., lower LV pressure) is available to oppose tethering. Schwammenthal et al. recognized a biphasic pattern of regurgitant orifice area in patients with chronic IMR with peaks in early and late systole and a decrease during mid systole [6] using echocardiography. They ascribed their findings to a mid systolic peak in LV pressures maximizing leaflet-closing force. In our acute study, however, MOA remained constant throughout systole despite significantly lower LV pressures. Group mean AE SD. MAA, mitral annular area; C-C, commissure-commissure diameter; S-L ANT , S-L MID , and S-L POST represent mitral annular anterior, mid, and posterior septal-lateral diameters (see Section 2); EarlyS, early systole; MidS, mid systole; EndS, end systole (see Section 2 for definition of time points). ** p < 0.01 vs baseline. *** p < 0.001 vs baseline. These findings therefore suggest that the distortions in leaflet geometry induced by posterior PM tethering are not affected by alterations in LV-generated closing forces.
Total mitral orifice area
Controversy exists surrounding timing and duration of IMR with descriptions ranging from an early or late systolic [8] to a biphasic event [6] . The ischemia-related increase in total MOA throughout systole found in this acute ovine experiment suggests that IMR in this setting is a holosystolic phenomenon. This finding is in contrast to earlier studies from our laboratory, which suggested a delayed closing motion of the mitral leaflets (early systolic mitral leaflet loitering) as a mechanism causing acute IMR [8] ; however, in these previous experiments, a smaller ischemic insult was induced (occlusion of the mid-LCx artery), which did not result in posterior PM displacement. In the current ovine study, tethering length of the posterior PM significantly increased at MidS and EndS, suggesting that tethering effects via the posterior PM present predominantly during the middle and late phase of ventricular ejection. It may therefore be reasonable to speculate that the occurrence of local PM tethering during MidS and EndS contributed to sustained IMR throughout systole.
Regional mitral orifice area
In contrast to previous reports [9] , separation of total MOA into regional segments (Ant, Mid, Post) revealed that the increase in total MOA was not confined just to the region adjacent to the ischemic insult. A possible explanation for this may be that although the PMs were regionally affected (Table 3 ) annular dilatation was not confined just to the postero-lateral annular circumference, but was more global around the entire annulus (Table 2) . This, in turn, may have affected all regions of the coaptation line in a uniform manner.
Tenting geometry
Mitral valve tenting height reflected leaflet restriction during IMR in the regions near the central leaflet edge and the anterior commissure. To separate the effects of geometrical changes of AML and PML edges on tenting height calculations, distances of AML and PML edge markers to the annular plane were assessed, revealing that both AML and PML edges prolapsed in the region near the posterior commissure during acute ischemia despite an increase in tethering length of the posterior PM. Furthermore, the PML edge was restricted both near the anterior commissure and the central leaflet edge. These observations indicate that: (1) a homogeneous increase in MOA is not necessarily associated with uniform changes in leaflet tenting geometry; (2) changes in tenting height during IMR were mostly due to alterations in PML edge geometry; and (3) an increase in tethering length of the posterior PM during acute IMR may not only be associated with leaflet edge restriction but also with leaflet edge prolapse.
Two different explanations may account for this composite finding of local tethering via the posterior PM together with leaflet prolapse in the adjacent coaptation region. First, the chordae tendineae may originate from different heads of the PM which may be affected differently by the ischemic insult: some PM heads may suffer ischemic dysfunction while others may still contract normally, resulting in either too short, normal, or too long a tethering length. We cannot draw any concrete conclusions here because only one PM tip had markers placed. Second, the direction of posterior PM displacement (apical, posterior, lateral, etc.) may affect leaflet edge geometry along the coaptation line differently. Imagine the mitral leaflet as a kite attached to the PMs via multiple strings (chordae), PM dislocation may put tension on some and slack on other strings resulting in either leaflet restriction or prolapse. If this is the case, the direction of PM dislocation in 3D space may therefore be important regarding our strategies to restore subvalvular LV geometry during mitral valve repair. This notion is supported by the work of Langer et al. in this laboratory who observed that pulling the head of the posterior PM in different directions attenuates MR differently in sheep with acute IMR [17] . Further work is needed to delineate which of these two, or perhaps a combination of both, is the main underlying mechanism.
Clinical inferences
If mechanisms of IMR in patients follow a similar fashion, our observations may have implications for treating IMR. Regarding the homogeneous increase in regional MOA and regional S-L diameters, reparative surgical devices and interventional catheter approaches, which modify all regions of the mitral annulus, might confer superior durability. Regarding the complex alterations in leaflet tenting geometry, these data argue for the need to address both annular and subvalvular (LV) abnormalities; furthermore, a more sophisticated restoration of the subvalvular geometry may improve treatment results. A better understanding and more detailed preoperative evaluation of the subvalvular apparatus (including measuring tethering lengths of different PM heads and a determination of the PM tip displacement in 3D space) together with knowing 3D leaflet tenting geometry along the coaptation line may allow more complete valve repair. Improvement in clinical imaging modalities beyond those currently available will help to measure these parameters.
Study limitations
This investigation of acute IMR in an open-chest ovine model with previously healthy animals is quite different from the clinical scenario of patients with chronic IMR. Caution should therefore be exercised in extrapolating our findings to patients with chronic ischemic MR. Previous studies performed in our lab have shown that displacement of the PMs differs slightly in acute compared to chronic ischemia. In an ovine model of acute IMR Lai et al. [18] found antero-apical and postero-basal displacement of the anterior and posterior PM tips, respectively. Tibayan et al. [19] induced chronic IMR in sheep and noted postero-lateral and postero-lateral plus basal displacement of the anterior and posterior PM tips, respectively. Presumably such differences in 3D PM behavior between acute and chronic ischemia will affect 3D leaflet edge geometry; however, in clinical practice chronic ischemia and infarction resulting in IMR is not a single entity but instead is a constellation of different perturbations of the left ventricle with a common downstream result, MR. Thus, understanding the complete pattern of all regional LV wall thickening and motion abnormalities should increase our understanding of how the ventricle, subvalvular structures, and mitral leaflets interact.
Anatomical differences between ovine and human hearts, such as the more heavily scalloped posterior leaflet in sheep and different anatomical position of the PMs, means caution should be exercised when extrapolating the results of animal studies to humans.
Although markers were placed as close to the leaflet edges as possible, they may actually not have been within the coaptation line or region itself. Finally, no ventricular markers were placed, which precluded the analysis of LV shape or preload in this experiment.
Conclusions
In our ovine study acute discrete postero-lateral myocardial ischemia resulted in an increase of MOA throughout systole, showing that acute IMR is a holosystolic phenomenon in this experimental model. The increase observed occurred uniformly across all regions of the mitral leaflet edges demonstrating that IMR was not predominantly confined to the valve region adjacent to the ischemic insult. Furthermore, acute IMR was associated with PML restriction near the anterior commissure and the central leaflet edge simultaneously along with prolapse of both leaflets near the posterior commissure. This complex pattern of leaflet geometric perturbations reflects the sum of annular and subvalvular alterations associated with LV ischemia that needs to be appreciated in the development of newer techniques and devices for valve repair in patients with IMR.
